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The dispersion relation of the φ meson in nuclear matter is studied in a QCD sum rule approach.
In a dense medium, longitudinal and transverse modes of vector particles can have independently
modified dispersion relations due to broken Lorentz invariance. Employing the full set of independent
operators and corresponding Wilson coefficients up to operator dimension 6, the φ meson QCD sum
rules are analyzed with changing densities and momenta. The non-trivial momentum dependence
of the φ meson mass is found to have opposite signs for the longitudinal and transverse modes.
Specifically, the mass is reduced by 5 MeV for the longitudinal mode, while its increase amounts
to 7 Mev for the transverse mode, both at a momentum scale of 1 GeV. In an experiment which
does not distinguish between longitudinal and transverse polarizations, this could in principle be
seen as two separated peaks at large momenta. Taking however broadening effects into account, the
momentum dependence will most likely be seen as a small but positive effective mass shift and an
increased effective width for non-zero momenta.
I. INTRODUCTION
The study of light vector mesons in a dense medium
can provide important insights to our understanding of
the origin of hadron masses, which is closely related to the
breaking of chiral symmetry in vacuum. Vector mesons
are especially well suited for experimental measurements
of in-medium effects, as they can decay into dileptons,
which do not feel the strong interaction and are there-
fore less distorted by the presence of the nuclear medium
compared to hadronic decay products. Initially, the ρ
meson mass shift in nuclear matter was considered to be
a suitable probe for the restoration of chiral symmetry at
finite density. With the help of QCD sum rules, it was
(within certain approximations) possible to relate this
mass shift to the reduction of the chiral condensate 〈q¯q〉
(q here stands for u or d quarks) at finite density [1]. Such
a mass shift was later reported in Ref. [2] from measure-
ments of dilepton spectra in 12 GeV pA reactions at the
E325 experiment at KEK. It was, however, also realized
that QCD sum rules in the ρ meson channel can be sat-
isfied equally well by both mass shifted and broadened ρ
meson peaks [3, 4], the latter being obtained for instance
in hadronic effective theory calculations [5, 6]. The ex-
perimental findings of Ref. [7] point to similar conclusions
of a broadened ρ meson without any mass shift.
With the difficulty of drawing any definite conclusions
about the behavior of the ρ meson at finite density and
its relationship to chiral symmetry, attention has turned
to mesons with smaller widths such as the ω and the φ.
About the ω, a lot of experimental work has been done in
recent years. See for instance Ref. [8] for a review. On the
theoretical side, a suggestion was put forward by one of
the present authors that the finite density behavior of the
ω together with the axial-vector meson f1(1285) could
serve as an indicator of the restoration of chiral symmetry
in nuclear matter [9]. In this work, we will however focus
on the φ meson and its modification at finite density.
Specifically, we study the momentum dependence of the
φ meson energy (e.g. its dispersion relation) at finite
density. While the dispersion relation of any particle in
vacuum is fixed by Lorentz symmetry, this is no longer
the case in a medium, which serves as a specific frame of
reference. This can hence lead to a modified dispersion
relation at finite density. The φ meson is in this context
presently of particular interest, as its dispersion relation
will be studied at the J-PARC E16 experiment, which
will start running in 2020 [10].
The main goal of this work is to determine the non-
trivial dispersion relation of the φmeson and to make pre-
dictions for the E16 experiment at J-PARC. We further-
more study the longitudinal and transverse polarizations
of the φ, which are equal in vacuum, but can behave dif-
ferently in nuclear matter. For this purpose, we make use
of the QCD sum rule method, for which the effect of bro-
ken Lorentz invariance is encoded as expectation values of
non-scalar QCD operators (see Refs. [11, 12]). These ex-
pectation values always vanish in vacuum, but become fi-
nite in a hot or/and dense medium. The most prominent
ones are 〈q¯γµq〉ρ, 〈ST q¯γµiDνq〉ρ and 〈ST Gaµα Gaνα〉ρ
(see Ref. [13] for a more complete list), of which the first
one vanishes in the vector channel considered here. As
will be shown in the later sections of this paper, the sec-
ond and third play the dominant roles in determining
the dispersion relations of the longitudinal and transverse
modes of the φ. After a separate QCD sum rule study
of the longitudinal and transverse modes, we will discuss
what effects the modified dispersion relations may have
on future experimental dilepton measurements.
This paper is organized as follows. In Section II, we
give a brief description of the formalism of QCD sum
rules, which is followed by a discussion of the used in-
put parameters in Section III. Section IV is devoted to
the detailed results obtained in this study and to a dis-
cussion of potential consequences for experimental mea-
surements. The paper is summarized and concluded in
Section V.
2II. QCD SUM RULES WITH FINITE
THREE-MOMENTUM
For the purpose of studying the φ meson in nuclear
matter, let us first consider the correlation function of the
vector current with strange quarks jµ(x) = s¯(x)γµs(x),
Πµν(ω, ~q ) = i
∫
d4xeiq·x〈T {jµ(x)jν(0)}〉ρ, (1)
where 〈·〉ρ represents the expectation value taken with re-
spect to the nuclear matter ground state with density ρ.
The nuclear medium is assumed to be at rest. In vacuum
or in the |~q | → 0 limit there is only one invariant function
in this correlation function, i.e. Π(ω2) = − 13ω2Πµµ. For fi-
nite ~q in nuclear matter, however, longitudinal and trans-
verse polarization states are distinguishable and their dis-
tinct components are expressed by
ΠL(ω
2, ~q 2) =
1
~q 2
Π00, (2)
ΠT (ω
2, ~q 2) = −1
2
(
1
q2
Πµµ +ΠL
)
. (3)
In the deep space-like q2 region (e.g. ω → i∞ with |~q |
held fixed [14]), these are calculable using the operator
product expansion(OPE),
ΠOPE(ω2, ~q 2) =
∑
n
Cn(ω
2, ~q 2)〈On〉ρ. (4)
In the time-like q2 region, the imaginary part of the cor-
relation function is expressed by the spectral function (at
zero temperature),
ρ(ω2, ~q 2) =
1
π
ImΠ(ω2, ~q 2). (5)
For discussing the ~q dependence, it is convenient to
substitute ω2 by Q2 = −q2 and to re-express the OPE in
terms of Q2 and ~q 2, i.e. Cn(ω
2, ~q 2) → Cn(Q2, ~q 2). Af-
ter this substitution, it becomes more apparent that the
~q dependence can be divided into two types: (i) trivial
and (ii) non-trivial momentum dependence. The trivial
dependence comes from the ~q 2 absorbed in Q2, while
the non-trivial one comes from terms in which ~q 2 can-
not be absorbed in Q2. Naturally, OPE terms which
contain only the Q2 dependence do not violate Lorentz
symmetry and keep the ordinary form of the dispersion
relation: ω2 = m2φ + ~q
2. This happens for scalar opera-
tors and their Wilson coefficients. On the other hand, a
non-trivial ~q dependence appears in Wilson coefficients
of non-scalar operators and play an important role in
medium. They cause the φ meson to have not only a
modified dispersion relation, ω2 = m2φ(~q
2)+ ~q 2, but also
to have different longitudinal and transverse polarization
modes.
With the above change of variables, the remaining ~q 2
now represents only the non-trivial momentum depen-
dence. The same substitution is also applicable to the
spectral function side. In this work, we employ the fol-
lowing simple “pole + continuum” ansatz,
ρ(s, ~q 2) ≈ f(~q
2)
4π2
δ(s−m2φ(~q 2))
+
1
4π2
(
1 +
αs
π
)
θ(s− s0(~q 2)). (6)
Here, all non-trivial momentum dependence is assumed
to be encoded in the three spectral parameters, mφ(~q
2),
f(~q 2), and s0(~q
2), which denote the mass of the φ, the
coupling strength between φ and jµ|0〉, and the threshold
parameter of the continuum, respectively.
Using the variables Q2 and ~q 2, the standard dispersion
relation which connects the spectral function to the OPE
side can be written as
ΠOPE(Q2, ~q 2) =
∫ ∞
0
ds
ρ(s, ~q 2)
s+Q2
, (7)
which is analogous to the vacuum dispersion relation ex-
cept for the additional ~q dependence. Therefore, we
can apply the same analysis method as we do in the
vacuum case. In other words, we can employ QCD
sum rules for studying the φ meson in vacuum, at rest
in medium, and in medium with finite 3-momentum
within the same framework with changing density and
3-momentum. Note that this simplification is not appli-
cable to baryons or charged mesons.
The conventional QCD sum rule analysis, which will
be followed here, is based on the Borel transform which
is defined as,
Π(M2) ≡ lim
Q2/n→M2,
n,Q2→∞
(Q2)n
(n− 1)!
(
− d
dQ2
)n
Π(Q2). (8)
whereM is called Borel mass. The analysis is performed
through the following processes. For a given ρ and |~q |,
we can express the two spectral parameters, mφ and f ,
as functions of M2 and s0,
mφ(M
2, s0) =
√
M2 − Π
′
(M2, s0)
Π(M2, s0)
, (9)
f(M2, s0) = 4π
2M2Π(M2, s0)e
mφ(M
2,s0)/M
2
. (10)
Here, Π(M2, s0) ≡ ΠOPE(M2, ~q 2) −
1
M2
∫∞
s0
dse−s/M
2
ρ(s, ~q 2) and Π
′
(M2, s0) ≡
∂Π(M2, s0)/∂(1/M
2). These functions are relevant
only inside a so-called Borel window (Mmin,Mmax),
which is determined by the conditions that the pole
contribution is larger than the continuum by 50% and
that the dimension 6 contribution of the OPE series is
smaller than 10% of the total series. Specifically, we
have
Mmax :
∫ s0
0 dse
−s/M2ρ(s, ~q 2)
M2ΠOPE(M2, ~q 2)
> 0.5, (11)
Mmin :
ΠOPEdim 6(M
2, ~q 2)
ΠOPE(M2, ~q 2)
< 0.1. (12)
3We furthermore define average values of mφ and f inside
this window as follows:
mφ(s0) =
∫ Mmax
Mmin
dM
mφ(M
2, s0)
Mmax −Mmin , (13)
f(s0) =
∫ Mmax
Mmin
dM
f(M2, s0)
Mmax −Mmin . (14)
The next step is to find a threshold value s0 that makes
the curve mφ(M
2, s0) the flattest. This is achieved by
finding the minimum of χ2m, defined as
χ2m(s0) =
∫ Mmax
Mmin
dM
(mφ(M
2, s0)−mφ(s0))2
Mmax −Mmin . (15)
Once s0 is determined, the other spectral parameters are
obtained by their average values at this threshold value
i.e. mφ(s0) and fφ(s0). The above process is repeated
for all ρ and |~q | values to be investigated.
III. INPUT PARAMETERS: NUMERICAL
VALUES AND UNCERTAINTIES
The complete set of operators relevant to the OPE
of the vector channel up to dimension 6, discussed in
Ref. [15], is given by,
Scalar Operators
s¯s, (16)
G0 ≡ αs
π
GaµνG
a
µν , (17)
s¯js ≡ gs¯γµ(DνGµν)s, (18)
j2 ≡ g2(DµGaαµ)(DνGaαν), (19)
j25 ≡ g2s¯taγ5γµss¯taγ5γµs, (20)
Non-Scalar(Twist) Operators
Aαβ ≡ gST s¯(DµGαµ)γβs, (21)
Bαβ ≡ gST s¯{iDα, G˜βµ}γ5γµs, (22)
Cαβ ≡ msST s¯DαDβs, (23)
Fαβ ≡ ST s¯γαiDβs, (24)
Hαβ ≡ g2ST s¯taγ5γαss¯taγ5γβs, (25)
Kαβγδ ≡ ST s¯γαDβDγDδs, (26)
G2αβ ≡ αs
π
ST GaαµGaβµ, (27)
Xαβ ≡ αs
π
ST GaµνDβDαGaµν , (28)
Yαβ ≡ αs
π
ST GaαµDµDνGaβν , (29)
Zαβ ≡ αs
π
ST GaαµDβDνGaµν , (30)
G4αβγδ ≡ αs
π
ST GaαµDδDγGaβµ. (31)
ST here stands for the operation that makes the Lorentz
indices symmetric and traceless. Non-scalar operators
can also be categorized according to their twist (= di-
mension - spin).
The expectation values of most of the above operators
are not well known. Therefore, we often have to rely on
assumptions and approximations which can give no more
than order of magnitude estimates. In this section, we
will succinctly discuss these techniques used to evaluate
the various condensates appearing in this work. The final
values and uncertainties of all the input parameters are
summarized in Table I.
We will throughout this work make use of the linear
density approximation, which can give a qualitatively
good description to the condensates at the level of the
normal nuclear matter density ρ0. This approximation
can be expressed as,
〈O〉ρ ≈ 〈O〉0 + ρ〈O〉N , (32)
where 〈O〉0 = 〈0|O|0〉 and 〈O〉N = 〈N(0)|O|N(0)〉, re-
spectively. Here, |N(~q )〉 is a one-nucleon state normal-
ized as 〈N(~q )|N(~q ′)〉 = (2π)3δ(3)(~q − ~q ′). Lorentz in-
dices of the nucleon matrix elements will be projected
onto the nucleon four-momentum pµ = (MN , 0, 0, 0).
Therefore, throughout this paper, non-scalar condensates
whose Lorentz indices are omitted, should be understood
to be defined as 〈Oµ1...µ2〉N ≡ O · ST (pµ1 . . . pµ2).
Under the above basic assumption, the condensates of
the relevant operators are estimated as discussed below.
1. Scalar matrix elements
The matrix elements of scalar operators have been fre-
quently discussed in the literature (see for instance
Ref. [13] and the references cited therein). We thus
here only give the final expressions, which read
〈s¯s〉ρ = 0.8〈q¯q〉0 + ρ σsN
2ms
, (33)
〈G0〉ρ = 〈G0〉0 + ρ8
9
(σpiN + σsN −MN ), (34)
where σpiN = 2mq〈q¯q〉N and σsN = ms〈s¯s〉N . The
ratio 〈s¯s〉0/〈q¯q〉0 ≈ 0.8 is taken from an old QCDSR
analysis [16]. For the scalar four-quark condensates,
we have
〈j2〉ρ = (4παs)2
∑
〈(q¯γµtaq)2〉ρ ≃ 0, (35)
〈j25 〉ρ =
16
36
4παs〈s¯s〉2ρ, (36)
〈s¯js〉ρ = −16
36
4παs〈s¯s〉2ρ. (37)
The condensate on the first line is ignored here be-
cause it is proportional to α2s by use of the equation of
motion. The others are estimated using the vacuum
saturation approximation, which is assumed to hold
at finite density in the same way as in vacuum.
42. Twist-2 matrix elements
Matrix elements of twist-2 operators can be related
to the moments of parton distribution functions mea-
sured in DIS experiments [17],
F =
1
2MN
As2, (38)
K =
1
2MN
As4, (39)
G2 = −αs
π
Ag2
MN
, (40)
G4 =
αs
π
Ag4
MN
, (41)
where A
s/g
n is the n-th moment of the strange
quark/gluon distribution function of the nucleon. The
values of As2, A
s
4, A
g
2, and A
g
4 are listed in Table. I.
They are extracted from the parton distributions pro-
vided in Ref. [18] (see Ref. [13] for more details).
3. Quark twist-4 matrix elements
The A, B, C, and H condensates were recently esti-
mated in Ref. [19], making use of the general assump-
tion 〈s¯ΓOs〉N ≃ 〈q¯ΓOq〉N A
s
2
Au
2
. Here, we just show the
final expressions, and refer the interested reader to
Ref. [19].
A =
1
2MN
K2u
As2
Au2
, (42)
B =
1
2MN
Kgu
As2
Au2
, (43)
C = −mses2
As2
Au2
, (44)
H =
1
2MN
(K1u −
1
2
K1ud)
(As2
Au2
)2
. (45)
es2 is the second moment of the twist-3 strange quark
distribution function andK1u,K
2
u,K
g
u, andK
1
ud denote
matrix elements of up or down quark twist-4 opera-
tors. Six different sets of K1u, K
2
u, and K
g
u are given in
Ref. [20]. For their numerical values, we simply take
the average over all the six sets for each parameter.
Their uncertainty is estimated as half of the difference
between maximum and minimum of all sets.
4. Gluon twist-4 matrix elements
The X , Y , and Z condensates are generally not well
known. To have a rough idea on their numerical values
and systematic uncertainties, we average two indepen-
dent estimation methods and define the uncertainty as
half of the difference between them. Specifically, we
have
(X1, Y1, Z1) =
( 1
2MN
0.32
8.1
MNM
0
N , 0,
3
2
αs
π
Kgu
2MN
)
, (46)
(X2, Y2, Z2) =
(
− 〈G0〉N
4
,
3G2 + 〈G0〉N
48
, 3Y2
)
, (47)
where M0N denotes nucleon mass in the chiral limit
[21]. The first estimate, (X1, Y1, Z1), is taken from
Ref. [21]. The second one, (X2, Y2, Z2), is based on
the method proposed in Ref. [11],
〈DµGρσ . . .〉N ≈ −iP gµ 〈Gρσ . . .〉N
≈ −i1
2
pµ〈Gρσ . . .〉N . (48)
Here, P gµ denotes the average momentum of the gluon
in the nucleon, which is assumed to carry half of the
nucleon momentum pµ. In case of Z, however, the two
estimates give quite similar values, so we just pick the
first estimate because its uncertainty (which is related
toKgu) is about 20 times larger than that of the second.
TABLE I: Input parameters, given at a renormalization
scale of 1 GeV.
input parameter value (uncertainty) reference
αs 0.472(0.024)
a [22]
ms 0.1242(0.0011) GeV
b [23]
ρ0 0.17 fm
-3
MN (0.93827 + 0.93957)/2 GeV [22]
M0N 0.75 GeV [21]
〈q¯q〉0 -(0.272)
3/1.35 GeV3c [24]
〈G0〉0 0.012(0.004) GeV
4 [25, 26]
σpiN 0.045(0.0036) GeV [27]
σsN 0.06(0.007) GeV [23]
Au2 0.784(0.017)
[13]
As2 0.053(0.013)
A
g
2 0.367(0.023)
As4 0.00121(0.00044)
A
g
4 0.0208(0.0023)
es2 0.00115(0.00318)
K1u 0(0.173) GeV
2
[20]
K2u -0.057(0.26) GeV
2
Kgu -0.411(0.173) GeV
2
K1ud -0.083 GeV
2
X 0.103(0.0814) GeV4
Y -0.0094(0.0094) GeV4
a Eq. (9.4) in [22] with Λ
(3)
MS
= (332 ± 17) MeV is used at the
renormalization point µ=1 GeV.
b Multiplied by 1.35 to rescale to µ=1 GeV [22].
c Divided by 1.35 because mq〈q¯q〉 is an RG invariant.
IV. RESULTS
A. Spectral parameters (mφ, f , s0)
The main result of this work is the computed mo-
mentum dependence of the three spectral parameters
[mφ(~q
2), f(~q 2), s0(~q
2)] at normal nuclear matter den-
sity. In Fig. 1 we plot these parameters up to |~q | = 2.0
5GeV together with their vacuum values. The parameters
exhibit a common behaviour at finite density. First, all of
them are shifted negatively at zero momentum. This is
caused primarily by the modification of the dimension-
4 scalar condensates, shown in Eqs. (33) and (34), the
magnitude of the shift being especially sensitive to the
value of the strange sigma term σsN [28]. The transverse
mode parameters then increase, while the longitudinal
ones decrease with growing |~q |.
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FIG. 1: Plot of mφ, f , and s0 as a function of |~q |. The
black dots denote the vacuum results. Blue (red) lines
show the results for the transverse (longitudinal) mode.
The results shown in Fig. 1 have rather large uncer-
tainties coming from the errors of ms, αs, 〈s¯s〉0 and
〈G0〉0, which determine the vacuum spectral parame-
ters, and the modification of 〈s¯s〉ρ and 〈G0〉ρ at finite
ρ. These uncertainties, however, only lead to an over-
all shift at zero momentum. Because our main inter-
est is the momentum dependence of mφ which is gov-
erned by the non-scalar condensates, we investigated the
total uncertainty of ∆mφ(~q
2) = mφ(~q
2) − mφ(0) for
which such an effect is reduced. The error of all con-
tributing parameters (here generally denoted as δai) is
given in Table. I. The total uncertainty is estimated as√∑
i(∆mφ|ai→ai+δai −∆mφ)2. For completeness, un-
certainties of the other spectral parameters are computed
in the same way and the results are shown as bands in
Fig. 1. As can be observed there, the tendency of the
momentum dependence is maintained even when taking
into account the full error ranges of the various input
parameters.
Both longitudinal and transverse modes exhibit an es-
sentially quadratic behavior with respect to momentum
~q . Therefore, it is worthwhile to recast and parametrize
the mφ-plot of Fig. 1 into the following simple formula:
m
L/T
φ (ρ, ~q )
mvacφ
= 1 +
(
a+ bL/T|~q |2
)
ρ
ρ0
. (49)
From our result at zero momentum, we have mvacφ =
1.020GeV and a = −0.0087, which strongly depends
on the chosen value of σsN (see Ref. [28] for a detailed
discussion). A fit to the dispersion relation curves then
gives bT = 0.0067 ± 0.0034GeV-2 and bL = −0.0048 ±
0.0008GeV-2.
Furthermore, we investigated which condensates pri-
marily determine the 3-momentum dependence of
∆mφ(~q
2) for both polarization modes. For this pur-
pose, we simply set each condensate to zero and compute
how ∆mφ(~q
2) changes. As a result, we found that only
the two dimension-4 twist-2 condensates, i.e. F and G2,
significantly change the momentum dependence as illus-
trated in Fig. 2. It can be seen in this figure that, for the
longitudinal mode, the F term has practically no effect
while the negative mass shift is almost completely caused
by the G2 term. The behavior of the transverse mode,
on the other hand, results from a large positive contribu-
tion from the F term, which is reduced somewhat by the
G2 term. All other condensates only have minor effects
below |~q | = 2 GeV.
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FIG. 2: The effects of of the non-scalar condensates F
and G2 on ∆mφ(~q
2). The upper (lower) plot shows the
behavior of the longitudinal (transverse) mode.
6B. Polarization-averaged spectra with finite widths
In most experiments, dilepton measurements have so
far not distinguished the two polarization modes. Thus,
in general, the sum of both modes will be measured to-
gether with the vacuum peak in polarization-averaged
spectra1. Moreover, even though we have assumed the φ
meson width to be zero in our analysis, this is not the case
in reality (see for instance Refs. [30, 31]). Thus, to have
a more realistic idea about the behavior of the dilepton
spectrum at normal nuclear matter density and non-zero
momentum, we artificially introduce a width using the
relativistic Breit-Wigner form,
ρ(s) =
f(~q 2)
4π2
√
sΓ/π
(s−m2φ(~q 2))2 + sΓ2
, (50)
where the values of mφ(~q
2) and f(~q 2) are taken from
our results. The in-medium width is set to Γ = 15.3
MeV, the value reported in the E325 experiment [29].
We then fit the polarization-averaged peak, 13 (ρL(ω) +
2ρT (ω)), using a single peak which has the same Breit-
Wigner form. These are shown in Fig. 3 together with
the vacuum peak (Γvac=4.26 MeV) for selected momenta.
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FIG. 3: Polarization-averaged spectral function (pink,
dashed line), its single peak fit (green line) at normal
nuclear matter density. The vacuum φ meson peak is
shown as a black dotted line for comparison.
The effective mass and width extracted from the fit are
plotted as a function of |~q | in Fig. 4. As can be observed
1 In an actual experiment such as that reported in Ref. [29], φ
mesons are produced in nuclei with a finite size. A large fraction
of them decay into dileptons only after they have moved outside
of the dense nucleon region. Such dileptons will only contribute
as vacuum peaks to the observed spectrum.
there, the mass shifts of the two modes partially cancel
each other. Because there are two transverse and only
one longitudinal mode, the average mass however tends
to the transverse side and is thus positive. Furthermore,
as the two components move away from each other, this
leads to an increasing width with increasing momentum.
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FIG. 4: Effective mass (upper plot) and width (lower
plot) of the single peak fit, shown as a function of |~q |.
In the upper plot, the central values of the transverse
(longitudinal) masses are shown as blue (red) dashed
lines for comparison.
C. Discussion
Let us discuss potential implications of the obtained
results for future dilepton measurements in the φ me-
son mass region. As can be seen in the lower right plot
of Fig. 3, due to the opposite behavior of the longitu-
dinal and transverse modes, the (angle averaged) dilep-
ton spectrum develops a double peak for momenta above
about 1 GeV. Care is however needed when applying this
result to experimental dilepton spectra, as φ mesons with
large momenta likely travel outside of the nucleus be-
fore they decay into dileptons, which are therefore not
strongly affected by the dense medium. Indeed, in the
E325 experiment a finite density effect was only observed
for dileptons with βγ (= |~q |/m) values smaller than 1.25
[29]. We therefore expect the average increase of the mass
(green curve of the upper plot in Fig. 4) and the increase
of the width (lower plot in Fig. 4) to be the most easily
and likely detectable finite momentum effects.
We, however, stress that for independently measured
longitudinal and transverse spectra, the mass shifts are
larger. It would hence be interesting to measure not only
the angle averaged dileptons but also their angular distri-
7butions, which would make it possible to disentangle the
two contributions and to potentially observe the splitting
between the two modes [32, 33].
V. SUMMARY AND CONCLUSIONS
In this paper, we have analyzed the strange quark vec-
tor channel at finite density and momentum in a QCD
sum rule approach. This was done with the goal of study-
ing the dispersion relation of the longitudinal and trans-
verse modes of the φ meson in nuclear medium. A linear
combination of them will be measured at the E16 exper-
iment at J-PARC. We found that both longitudinal and
transverse dispersion relations are modified significantly
compared with their vacuum form. At a momentum scale
of 1 GeV, the longitudinal φ meson mass is reduced by 5
MeV, while its transverse counterpart is increased by 7
MeV. With a simultaneously increasing width, it is how-
ever unlikely that the two modes will be seen as sepa-
rate peaks. Instead, their effect might only be detectable
as an increasing effective mass and width with increas-
ing momentum. Assuming the width to be fixed at 15.3
MeV in nuclear matter, we estimate the mass shift of the
combined (one longitudinal and two transverse modes)
φ meson peak at a momentum of 1 GeV to be about
4 MeV, while the width can be expected to increase by
about 7 MeV at the same momentum. It remains to be
seen whether e.g. the E16 experiment will have a suffi-
cient resolution to detect these effects.
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APPENDIX
In this appendix, we give the principle formulas needed
for the numerical analyses of this paper. They can be ob-
tained by substituting the OPE results given in Ref. [15]
into Eqs.(2) and (3). For non-scalar operators, Oˆ denotes
O × (MN)s where s is spin of the operator.
ΠL(Q
2, ~q 2) = − 3m
2
s
2π2Q2
− 1 + αs/π
4π2
ln
Q2
µ2
+
(
2− 8m
2
s
3Q2
)ms〈s¯s〉
Q4
+
( 1
12
+
m2s
9Q2
) 〈G2〉
Q4
+
( 1
81
+
2
27
ln
Q2
µ2
) 〈j2〉
Q6
− 2〈j
2
5〉
Q6
− 4〈s¯js〉
9Q6
+
(
2− 3m
2
s
Q2
) Fˆ
Q4
− 10Kˆ
3Q6
+
(3
4
− 11m
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s
12Q2
−
(1
3
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4m2s
3Q2
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ln
Q2
µ2
) Gˆ2
Q4
+
(205
216
− 11
36
ln
Q2
µ2
) Gˆ4
Q6
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Aˆ
2Q6
− 5Bˆ
2Q6
+
7Cˆ
Q6
+
2Hˆ
Q6
+
(1
6
+
5
24
ln
Q2
µ2
) Xˆ
Q6
−
( 49
144
+
1
8
ln
Q2
µ2
) Yˆ
Q6
+
(11
16
+
5
8
ln
Q2
µ2
) Zˆ
Q6
+
~q 2
Q2
{ Aˆ
Q6
+
3Bˆ
Q6
− 18Cˆ
Q6
− 6m
2
sFˆ
Q6
+
4Kˆ
Q6
−
(2
3
+
11m2s
6Q2
− 4m
2
s
Q2
ln
Q2
µ2
) Gˆ2
Q4
−
(373
180
− 11
30
ln
Q2
µ2
) Gˆ4
Q6
−
( 4
15
+
1
4
ln
Q2
µ2
) Xˆ
Q6
+
( 43
360
+
5
12
ln
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Q6
−
( 91
120
+
3
4
ln
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µ2
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Q6
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+
~q 4
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{16
15
Gˆ4
Q6
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, (51)
ΠT (Q
2, ~q 2) = ΠL(Q
2, 0) +
~q 2
Q2
{
−
(
4− 9m
2
s
Q2
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Q4
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−
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ln
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+
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ln
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Q6
−
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+
7
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ln
Q2
µ2
) Zˆ
Q6
}
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∗ hugokm0322@gmail.com
† gubler@post.j-parc.jp
[1] T. Hatsuda and S. H. Lee, Phys. Rev. C46, R34 (1992).
[2] M. Naruki et al., Phys. Rev. Lett. 96, 092301 (2006),
8arXiv:nucl-ex/0504016 [nucl-ex].
[3] F. Klingl, N. Kaiser, and W. Weise, Nucl. Phys. A624,
527 (1997), arXiv:hep-ph/9704398 [hep-ph].
[4] S. Leupold, W. Peters, and U. Mosel, Nucl. Phys.A628,
311 (1998), arXiv:nucl-th/9708016 [nucl-th].
[5] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25, 1 (2000),
arXiv:hep-ph/9909229 [hep-ph].
[6] M. Post, S. Leupold, and U. Mosel, Nucl. Phys. A741,
81 (2004), arXiv:nucl-th/0309085 [nucl-th].
[7] R. Nasseripour et al. (CLAS), Phys. Rev. Lett. 99,
262302 (2007), arXiv:0707.2324 [nucl-ex].
[8] V. Metag, M. Nanova, and E. Ya. Paryev, Prog. Part.
Nucl. Phys. 97, 199 (2017), arXiv:1706.09654 [nucl-ex].
[9] P. Gubler, T. Kunihiro, and S. H. Lee, Phys. Lett.B767,
336 (2017), arXiv:1608.05141 [nucl-th].
[10] K. Aoki (J-PARC E16), in Proceedings, WPCF 2014:
Gyo¨ngyo¨s, Hungary, 2014 (2015) arXiv:1502.00703 [hep-
ex], arXiv:1502.00703 [nucl-ex].
[11] S. H. Lee, Phys. Rev. C57, 927 (1998), [Erratum: Phys.
Rev.C58,3771(1998)], arXiv:nucl-th/9705048 [nucl-th].
[12] S. Leupold and U. Mosel, Phys. Rev. C58, 2939 (1998),
arXiv:nucl-th/9805024 [nucl-th].
[13] P. Gubler and D. Satow, Prog. Part. Nucl. Phys. 106, 1
(2019), arXiv:1812.00385 [hep-ph].
[14] T. D. Cohen, R. J. Furnstahl, D. K. Griegel, and X.-m.
Jin, Prog. Part. Nucl. Phys. 35, 221 (1995), [,221(1994)],
arXiv:hep-ph/9503315 [hep-ph].
[15] H. Kim, P. Gubler, and S. H. Lee, Phys. Lett. B772,
194 (2017), [Erratum: Phys. Lett.B779,498(2018)],
arXiv:1703.04848 [hep-ph].
[16] L. J. Reinders, H. Rubinstein, and S. Yazaki, Phys. Rept.
127, 1 (1985).
[17] W. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta,
Phys. Rev. D18, 3998 (1978).
[18] L. A. Harland-Lang, A. D. Martin, P. Motylinski,
and R. S. Thorne, Eur. Phys. J. C75, 204 (2015),
arXiv:1412.3989 [hep-ph].
[19] P. Gubler, K. S. Jeong, and S. H. Lee, Phys. Rev. D92,
014010 (2015), arXiv:1503.07996 [hep-ph].
[20] S. Choi, T. Hatsuda, Y. Koike, and S. H. Lee, Phys.
Lett. B312, 351 (1993), arXiv:hep-ph/9303272 [hep-ph].
[21] S.-s. Kim and S. H. Lee, Nucl. Phys. A679, 517 (2001),
arXiv:nucl-th/0002002 [nucl-th].
[22] M. Tanabashi et al. (Particle Data Group), Phys. Rev.
D98, 030001 (2018).
[23] S. Aoki et al. (Flavour Lattice Averaging Group), (2019),
arXiv:1902.08191 [hep-lat].
[24] S. Aoki et al., Eur. Phys. J. C77, 112 (2017),
arXiv:1607.00299 [hep-lat].
[25] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov,
Nucl. Phys. B147, 448 (1979).
[26] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov,
Nucl. Phys. B147, 385 (1979).
[27] J. Gasser, H. Leutwyler, and M. E. Sainio, Phys. Lett.
B253, 252 (1991).
[28] P. Gubler and K. Ohtani, Phys. Rev. D90, 094002
(2014), arXiv:1404.7701 [hep-ph].
[29] R. Muto et al. (KEK-PS-E325), Phys. Rev. Lett. 98,
042501 (2007), arXiv:nucl-ex/0511019 [nucl-ex].
[30] P. Gubler and W. Weise, Phys. Lett. B751, 396 (2015),
arXiv:1507.03769 [hep-ph].
[31] D. Cabrera, A. N. Hiller Blin, and M. J. Vicente Va-
cas, Phys. Rev. C95, 015201 (2017), arXiv:1609.03880
[nucl-th].
[32] E. L. Bratkovskaya, O. V. Teryaev, and V. D. Toneev,
Phys. Lett. B348, 283 (1995).
[33] E. Speranza, M. Ze´te´nyi, and B. Friman, Phys. Lett.
B764, 282 (2017), arXiv:1605.04954 [hep-ph].
